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Summary
Virulence, defined as damage to the host, is a trait of
pathogens that evolutionary theory suggests benefits
the pathogen in the ‘‘struggle for existence’’ [1]. Path-
ogens employ virulence mechanisms that contribute
to disease. Central to the evolution of virulence of
the infectious agents causing an array of bacterial
disease is the evolutionary acquisition of type III
secretion, a macromolecular complex that creates a
syringe-like apparatus extending from the bacterial cy-
tosol to the eukaryotic cytosol and delivers secreted
bacterial virulence factors (effectors) into host cells.
In this work, we quantify the contribution of virulence
determinants to the evolutionary success of a patho-
gen. Using a natural pathogen of mice, we show that
virulence factors provide a selective advantage by
enhancing transmission between hosts. Virulence
factors that have a major contribution to disease
were absolutely required for transmission of the path-
ogen to naive hosts. Virulence-factor mutants with
more subtle defects in pathogenesis had quantifiable
roles in the time required to transmit the pathogen be-
tween mice. Virulence-factor mutants were also found
to lose in competition with wild-type bacteria when it-
eratively transmitted from infected to uninfected mice.
These results directly demonstrate that virulence is
selected via the fitness advantage it provides to the
host-to-host cycle of pathogenic species.
Results and Discussion
Understanding how infectious diseases evolve is rele-
vant to both human health and the interactions of
species in the natural world. There are two major
hypotheses describing the selection of virulence in
host–pathogen relationships. The older of the two hy-
potheses suggests that host–pathogen relationships
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Canada.resulting in severe disease (i.e., high pathogen virulence)
are relatively young in evolutionary terms and evolve to-
ward a balanced state of mutualism [2]. More recent
work suggests that virulence benefits the pathogen in
the host–pathogen relationship and that this benefit
may drive increases in virulence during evolution [3].
Obvious constraints on components of parasite fitness
have been proposed, such as host morbidity and mor-
tality, resulting in a trade-off model of virulence evolu-
tion in which virulence is proposed to increase up to
a predicted ceiling [4–9]. Considerable theoretical work
has been devoted to examining changes in virulence
during evolution [10–14]. Empirical evidence for the
evolution of increasing virulence has largely involved
studies of natural populations [9, 15], serial-passage
experiments in animals [16, 17], or examination of the
production of transmissive forms by parasites such as
Plasmodium [17].
Variations in virulence (typically measured using as-
pects of morbidity or mortality) have been observed in
nature for many pathogens [6, 16, 18–20]. Through
both epidemiological studies of human pathogens and
examination of virulence in model systems, virulent
strains have been characterized and candidate viru-
lence determinants identified for many pathogens.
Understanding how these virulence determinants (and
how variation in the complement of virulence determi-
nants in a particular pathogen) are handled by natural
selection is pivotal to our understanding of infectious
disease and has important implications for human
health.
Little, if any, work has examined the selection of viru-
lence determinants in the evolution of virulence in sys-
tems that model a relevant human disease. We set out
to use defined mutant strains of pathogen lacking vari-
ous virulence determinants and to test the efficiency
with which they can iterate the host-to-host cycle under
laboratory conditions. This allowed the selective advan-
tage of characterized virulence factors in the propaga-
tion of pathogenic species to be directly tested. Our
results show that virulence determinants result in en-
hanced transmission, which translates into a clearly
quantifiable selective advantage for said virulence
determinants.
The model we used was the Citrobacter rodentium
infection of mice, which shares virulence mechanisms
with, and is a model for, the enteropathogenic and en-
terohemorrhagic E. coli infection of humans. These
pathogens cause attaching and effacing lesions in the
gastrointestinal tract of the infected host, resulting in di-
arrhea, and are thought to be transmitted via the fecal-
oral route. Disease resulting from these pathogens is
associated with considerable morbidity and mortality
[21–23]. In our system, we used C3H/HeJ mice, which
succumb to lethal infection with the wild-type C. roden-
tium strain (DBS100). Central to attaching and effacing
pathogenesis is the bacterial type III secretion of numer-
ous bacterial-encoded effector proteins into the
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function are subverted for the benefit of the pathogen.
Horizontally acquired virulence determinants, such as
type III secretion systems, are central to the pathogen-
esis of many communicable diseases such as plague,
typhoid fever, enteropathogenic E.coli diarrhea, bacil-
lary dysentery, and whooping cough and of emerging
diseases such as melioidosis and disease caused by
enterohemorrhagic E. coli. In this study, we used mutant
strains of C. rodentium that are able to colonize mice
and lack various components contributing to this viru-
lence strategy, each with a characterized virulence de-
fect resulting in a degree of attenuation in vivo [24–27]
(Table S1 in the Supplemental Data available online).
In brief, bacteria mutant for escN (the ATPase that pro-
vides energy for type III secretion) are unable to secrete
virulence factors into host cells. Bacteria mutant for the
translocated intimin receptor (tir) are unable to form an
intimate attachment to host cells or stimulate actin-ped-
estal formation in host cells. Bacteria mutant for the
effectors espG, espH, and map exhibit defects in host-
cytoskeleton modulation, and bacteria mutant for map
and espF exhibit deficiencies in host tight-junction dis-
ruption. The molecular functions of the translocated
effectors NleA, NleB, and SepZ/EspZ remain to be es-
tablished; however, bacteria mutant for these virulence
factors are unable to induce mortality in mice, although
they induce significant morbidity. All bacterial strains
exhibit no differences in growth rates in vitro.
Experiments were conducted by infecting mice per os
with C. rodentium. After 72 hr, infected and naive mice
were cohoused for 24 hr before being separated into
clean cages. Mice are coprophagic, and the mode of
transmission of C. rodentium is fecal-oral. After separa-
tion, all mice were monitored for signs of irreversible
morbidity. Figure 1 shows that wild-type C. rodentium
was efficiently transmitted and resulted in the mortality
of all secondary mice between 96 and144 hr after index-
mice mortality (Figure 1A). When C. rodentium strains
defective for various virulence determinants were exam-
ined, the ability of the mutants to be transmitted to unin-
fected mice (Figure 1B) corresponded with their level of
virulence (Figure S1), with highly attenuated strains
(DescN, Dtir) colonizing index mice but not being trans-
mitted. Other strains, which are more virulent relative to
the nontransmissible strains, transmitted in a manner
temporally indistinguishable from that of the wild-type
(Figure 1C). This is consistent with major virulence
determinants contributing to the ability to transmit
between hosts.
When infected and naive mice were cohoused from
72 hr after infection until termination of the experiment
(data not shown), secondary mice succumbed to lethal
infection approximately 24–36 hr earlier than when
exposed for 24 hr (Figure 1). Because an infectious
dose has been shown to affect the onset of mortality in
C. rodentium infection [28], this delay in mortality after
limited exposure is likely attributable to secondary
mice acquiring a lower dose of infecting bacteria during
the 24 hr exposure than the continued-exposure exper-
iments. This suggested a possible relationship between
the exposure time (time spent cohoused with infected
mice) and success of transmission to naive mice. We
predicted that by mixing infected with uninfected micefor defined periods of time (see Figure S1), a transmis-
sion-time/infection-response curve analogous to a
dose-response curve could be generated. Indeed, we
expect that such a curve for a given strain would be
a function of both the dose acquired during the expo-
sure time and the dose required to initiate an infection.
For each bacterial strain examined, there was a signif-
icant effect of exposure time on transmission success
(Figure 2 and Table 1), indicating that as exposure time
increases, the risk of transmission increases. For
wild-type bacteria, the transmission time required for
Figure 1. Virulence Determinants Are Required for Transmission
between Mammalian Hosts
(A) Ability of wild-type bacteria to transmit between hosts with lim-
ited exposure. Index mice were mixed with secondary mice 72 hr af-
ter infection, housed together for 24 hr, and subsequently isolated.
(B and C) Ability of mutant bacteria to transmit between hosts with
24 hr exposure. (B) Bacteria unable to induce morbidity were exam-
ined by infecting mice per os and, 72 hr after infection, were mixed
with naive mice for 24 hr and then isolated. Index mice were sacri-
ficed 168 hr after infection, and secondary mice were sacrificed
168 hr after exposure, bacteria were enumerated, and the level of
colonization was determined. (C) Ability of mutant bacteria to trans-
mit between hosts is shown. Index mice were mixed with secondary
mice 72 hr after infection, housed together for 24 hr, and subse-
quently isolated. Highly attenuated bacteria (lacking escN or tir)
were unable to transmit, whereas moderately attenuated bacteria
(lacking map, espF, espG, espH, sepZ, nleA, or nleB) were transmis-
sible between hosts.
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Determinants Require Longer Exposure
Times to Successfully Transmit Infection
between Hosts
For each bacterial strain, a time-response
(exposure time-infection) model, PT(t), was fit-
ted (WT, p = 4.46 3 10210, n = 210 mice;
DespG, p = 3.84 3 1024, n = 123 mice;
Dmap, p = 1.48 3 1025, n = 156 mice). For
each bacterial strain, the fitted model had
a significant positive slope on time, indicating
a significant effect of exposure time on trans-
mission success (WT, p = 1.053 1026;DespG,
p = 0.001639; Dmap, p = 9.602 3 1025).
(A–C) Transmission risk (rT) calculated from
PT(t) versus exposure time (t), for (A) wild-
type (WT) bacteria (solid black), (B) DespG
bacteria (solid red), and (C) Dmap bacteria
(solid blue). The time required for 50% trans-
mission (TT50) is also shown for each mutant
(gray lines), and shows that bacteria mutant
for the virulence determinants Dmap or
DespG are significantly less transmissible
than wild-type bacteria (p < 0.001 and p < 0.05,
respectively, unpaired t test with Welch’s
correction). Index animals infected per os
did not exhibit any significant differences in
colonization between strains (p > 0.05, one-
way analysis of variance). Lower transmission
risk (rTL) is shown; the lower 95% confidence
limit of rT versus exposure time (t) shows the
shortest time for which transmission could
be expected to occur for each strain (dashed
lines). The lower 95% confidence limit on the
time required for 50% transmission is also
shown for each mutant (gray lines).infection of 50% of mice (TT50) was 76.14 6 7.26 min,
with 100% transmission observed by 3 hr. In contrast,
for successful transmission of espG-mutant bacteria,
a significantly longer exposure time than for wild-type
bacteria is required (TT50 = 124.86 6 22.32 min; p <
0.05, unpaired t test with Welch’s correction). Similarly,
bacteria lacking the virulence gene map have a signifi-
cantly longer transmission time (177.486 24.36 min) rel-
ative to wild-type bacteria (p < 0.001, unpaired t test with
Welch’s correction). Bacteria lacking either the map or
espG virulence genes each required 6 hr for 100% trans-
mission. The deletion of virulence determinants from
a strain increased the time required to successfully
transmit infection, suggesting that virulence determi-
nants contribute to the rate of transmission success.
These results also indicate that a transmission-time/
infection-response curve may be generated to quantify
differences in transmission for studies of any host–
pathogen system.
We next sought to directly test the hypothesis that
these virulence factors were selectable during the
host-to-host cycle of our model pathogen,C. rodentium.
An experimental system was developed (Figure S2) in
which index mice were infected per os with an equal
mixture of wild-type and mutant bacteria; 72 hr afterinfection, these mice were mixed with naive mice for
24 hr, an exposure time permissive to transmission of
moderately attenuated strains (Figure 1). After the isola-
tion of index and secondary mice, colonization of the
index mouse by each strain was determined, and 72 hr
after exposure of the secondary mouse to the index
mouse, the secondary mouse was mixed with a naive
(tertiary) mouse for 24 hr. These experiments, termed it-
erative competition (IC), were repeated until either the
tenth iteration or two iterations after the disappearance
of the mutant strain. This approach, in which two geno-
types of pathogen were allowed to compete over
Table 1. Bacterial Strains Lacking Virulence Determinants Require
Longer Exposure Times to Successfully Transmit Infection
between Hosts
Strain TT50 6 SE (min) TT50L (min)
p Value
versus WT
WT 76.14 6 7.26 64.2
DespG 124.86 6 22.32 88.2 <0.05
Dmap 177.48 6 24.36 137.46 <0.001
Summary of TT50, rT, and rTL for each strain. Standard error (SE)
of TT50 was calculated with the method of Catalano, Ryan, and
Scharfstein [34].
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The denoted mutant strains were competed with wild-type C. rodentium in IC up to a maximum of ten iterations of transmission.
(A) Ratios of mutant:wild-type for both the Tn7-marked strain (WT Cm) and the DespF strain show the progressive loss of the attenuated strain
(DespF) and that WT Cm competes effectively against wild-type bacteria.
(B) Mean number of iterations to complete loss of competition for all virulence-factor mutants tested. Each strain was tested in at least three
independent experiments, and error bars show the standard error of the mean (SEM). map, espF, sepZ, nleA, and nleB provide a significant se-
lectable advantage during the host-to-host cycle of C. rodentium (p < 0.05, one-way ANOVA with the nonparametric Games-Howell post-hoc
test). # indicates that experiments were ended at the denary iteration; * indicates statistical significance (p < 0.05) relative to wild-type bacteria.multiple host-to-host cycles, was developed as a labora-
tory selection system somewhat analogous to natural
selection. This system allows the selectable advantage
of a gene to be quantified as the number of passages
required for the corresponding mutant to lose in compe-
tition with the wild-type.
All of the strains that could be transmitted from
infected to uninfected mice during a 24 hr exposure
(data not shown) were tested in iterative-competition ex-
periments. As a test of marker neutrality, a Tn7-marked
strain (WT Cm) harboring no additional mutations (and
displaying wild-type virulence) was competed against
the isogenic wild-type strain; approximately equal num-
bers of the two strains colonized all mice out to the de-
nary mouse (Figure 3A). In contrast, a strain of interme-
diate virulence, such as DespF, consistently colonized
to a lesser extent than the wild-type (Figures 3A and
3B), with the wild-type being selected at the expense
of DespF after three to five passages. The results corre-
late well with virulence, with less-virulent strains becom-
ing undetectable after fewer passages than moderately
virulent strains (Figure 3B), and the DespG strain, which
has no detectable virulence defect, never losing to the
wild-type over multiple, ten-passage experiments.
Comparison of the mutant strains to the wild-type dem-
onstrates that map, espF, sepZ, nleA, and nleB each
contribute a quantifiable and statistically significant in-
crease in fitness (p < 0.05, Figure 3B). This also demon-
strates the utility of IC experiments in determining the
selectable advantage of virulence traits in pathogens.
In this work, we have described a transmission pheno-
type for every virulence factor tested. Major virulence
factors were found to be absolutely required for trans-
mission under any circumstance (Figure 1), and virulence
factors of intermediate magnitude were found to have
clearly discernable roles in transmission that translate
into a quantifiable selectable-fitness advantage (Figures
2 and 3 and Table 1). All of the virulence determinants
tested here are encoded by horizontally acquired genes
[25, 29], and our results indicate that the advantage these
genes provide in enhancing pathogen transmission en-
sures their selection in the pathogen genome. Indeed,the recent parallel evolution of nearly identical pathogen-
esis mechanisms [25, 30–32] in the phylogenetically dis-
tinct pathogens [33] enteropathogenic E. coli and
C. rodentium also supports our experimental data sug-
gesting that these genes are readily selected in nature.
We conclude from these results that virulence is
proportionally related to the ability of C. rodentium to
successfully iterate the host-to-host cycle typical of
pathogenic species. However, it is important to consider
that our experiments use mutants modified to reduce
virulence in order to reach this conclusion. Conse-
quently, this work does not test the hypothesis that in-
creasing pathogen virulence above wild-type levels will
be positively selected, and we therefore do not extend
this conclusion to include ever-increasing virulence.
The results presented are inconsistent with the hy-
pothesis that lower pathogen virulence is always se-
lected for, and they indicate that virulence factors, and
the virulence they afford, are selected through enhanced
transmission of virulent strains among host organisms.
Although the life histories of both the host and the path-
ogen will affect the peculiarities of each host–pathogen
relationship, this conclusion may apply broadly to path-
ogens, including those significant to human health.
Through the use of the experimental systems described
herein, similar and related hypotheses can now be
tested in any host–pathogen system consisting of a ge-
netically tractable pathogen and a small animal model.
Experimental Procedures
Basic Transmission Experiments
For examination of the ability of C. rodentium to transmit between
hosts, index mice were infected per os with wild-type or mutant
C. rodentium strains, and 72 hr after infection, naive secondary
mice were added. Secondary mice were housed either together
with index mice for the duration of the experiment or were housed
together with index mice for 24 hr prior to being moved to a clean
cage in limited-exposure transmission experiments. All mice were
examined twice daily for signs of irreversible morbidity resulting
from infection, at which time they were sacrificed. All bacterial
mutants used in this study have been reported elsewhere [24–26].
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Naive mice were exposed to index mice (infected per os) in the same
cage for time of exposure (t). Because we were only interested in in-
fections of a host that were capable of further transmission, trans-
mission events between index and secondary mice were not scored
unless infections of secondary mice were transmissible to tertiary
mice exposed for the same time as the index to secondary event
(Figure S1).
A time-response transmission model, PT(t), describing the rela-
tionship between exposure time and the probability of transmission
was estimated from the time-response data. For each bacterial
strain, the probit time-response model was fitted:
PTðtÞ =Fða0 +a1tÞ
PT is the probability of transmission for an individual exposed for
time (t), a0 and a1 are regression coefficients estimated from the
data, and F is the standard normal cumulative distribution function.
From this model, the risk of transmission function rT was calculated
as follows:
rTðtÞ = PTðtÞ2PTð0Þ







Standard error (SE) and lower 95% confidence limits of TT50
were calculated with the method of Catalano, Ryan, and Scharfstein
[34]. The Hosmer-Lemeshow statistic was calculated to examine
goodness of fit [35]; the fitted model for each strain had a nonsignif-
icant Hosmer-Lemeshow statistic (wild-type = 0.3969, DespG =
0.7313, Dmap = 0.7547), indicating that there was no evidence of
lack of fit.
Iterative-Competition Experiments
Because most C. rodentium mutants assayed were capable of
transmission with an exposure time of 24 hr (Figure 1), this exposure
time was chosen for iterative competition (IC) for transmissible mu-
tants versus wild-type bacteria. Index mice were infected per os with
a 1:1 ratio of wild-type:mutant C. rodentium bacteria and at 72 hr
after infection were exposed to naive secondary mice for 24 hr. After
exposure, secondary mice were isolated and index mice were sac-
rificed to enumerate the bacterial load of the two strains being com-
peted. This was considered one iteration of transmission for an IC
(Figure S2). Seventy-two hours after isolation, secondary mice
were used as donors for naive tertiary mice, and 24 hr later tertiary
mice were isolated and secondary mice were sacrificed in order to
determine bacterial load. Experiments were continued for ten itera-
tions (to denary mice), or until two iterations after exclusion of the
mutant strain from infected mice. Each mutant was assayed in at
least three lineages, and the mean number of iterations to exclusion
was calculated.
Supplemental Data
Two figures and one table are available at http://www.current-
biology.com/cgi/content/full/17/9/783/DC1/.
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